Abstract: Rosewood (Aniba rosaeodora Ducke) is an endangered Amazonian tree species which produces one of the most valuable essential oils in the world. The species is used in silvicultural systems which are seen as a means to reducing the pressure of exploitation of natural rosewood populations. There are no specific equations for rosewood plantations, and therefore generalized equations are inappropriate for the species in commercial systems. This study presents allometric equations from 144 trees sampled in different rosewood plantations of Central Amazonia. The equations generated were compared with an equation used in forest management to estimate wood volume and another one recommended by law for rosewood biomass. The equation suggested by current legislation underestimates the actual values by more than 70% making the viable use of this equation impossible in commercial plantations. The equations generated to estimate the volume and biomass serve as an alternative to the need to develop specific equations for each area and age of the plant. The generic equation for the species is consistent for fresh mass management, with a generalized R 2 of 0.80 and an underestimation of 0.33%. The equation for crown fresh mass estimation presented a generalized R 2 of 0.32 and an underestimation of 0.24%. The underestimation of the mass production by rosewood plantations represents a serious impediment to this forest activity. The allometric equations developed are highly applicable under different conditions and management options and should be suggested by the legal provisions regulating rosewood-related activity in Central Amazonia.
Introduction
Rosewood (Aniba rosaeodora Ducke, Lauraceae) is an Amazonian tree species that produces an essential oil, in high demand by the world's fine perfumery industry [1, 2] . The species was overexploited for decades, which led to its inclusion in the national [3] and international list of endangered species [4, 5] . In Brazil, this species is under full protection [6] and current legislation allows for the exploitation of the species only in established plantations. These plantations reduce the pressure on natural populations, generating jobs, income, and promoting development in rural areas. Although recommended by law [7, 8] , the development of technical criteria for the cultivation and management of this species is still poorly developed.
Biomass quantification is necessary to evaluate biological, economic, and nutrient productivity [9, 10] . However, the most accurate method for determining biomass is to destructively remove the plant and weigh it. This, especially in the case of trees, is time-consuming, costly,
Materials and Methods

Descripions of Study Sites
The study was conducted in two regions of Brazilian Amazonia: Maués and Novo Aripuanã where stands with different ages (the period between the date of tree planting and sampling) were sampled. In the municipality of Maués, two rosewood stands were studied: 10 and 12 years old culture (C 10 and C 12, respectively). In Novo Aripuanã, the study was conducted on one stand, aged 17 years (C 17). Both regions in the state of Amazonas, Brazil (Figure 1 ), in Central Amazonia [22] . The climate in Maués is hot and humid, with regular and abundant rainfall, and an annual rainfall of 2101 mm and an annual mean temperature of 27.2 • C, according to Köppen-Geiger, the type climate is Amazonia Af. The soil under rosewood plantations is classified as dystrophic yellow red latosol [23] . The climate of Novo Aripuanã is also classified as type Af, hot and humid according to Köppen-Geiger, with an annual average rainfall of 2444 mm and an annual mean temperature of 26.9 • C [24, 25] . The soils of the region are predominantly classified as yellow poor latosol saturated by oxidized iron and aluminium with low pH [26] (Table A1 -Appendix A of supplementary material for more details).
In Maués, in the 1950s, the natural forest of the region was slash-and-burned to make way for commercial cultivation of guarana (Paullinia cupana Kunth, Sapindaceae), using conventional farming methods. In the 1970s, these plantations were converted to pastures of Brachiaria (Train.) Griseb sp. (Poaceae). Rosewood (Aniba rosaeodora Ducke) plantations only began in the 1990s. Seeds from a variety of different natural populations were used. Once the seedlings were established in the field, a management practice was begun whereby regenerated understory vegetation within the rosewood plantations was annually removed. In this region, 10-and 12-year-old plantations initially planted with different spacings were sampled. New areas for the establishment of rosewood plantations were prepared by cutting and burning the existing vegetation, a method widely used within the Amazon basin [27] . In Novo Aripuanã, the original forest was cut and burned, then natural regeneration lines were cut in which rosewood seedlings were planted in 5.0 × 10 m spacing. The seedlings had been raised from seeds collected from natural populations of the middle Madeira River. After one year in a nursery, the seedlings were taken to the field and planted in the lines traversing the naturally regenerating vegetation. Annual cleaning (removal of vegetation that compete for resources in the planting line) of each planting line was carried out until the 8th year and then again after the 15th year.
Data Collection and Sampling
Field measurements were performed in February and June 2015 in Maués and Novo Aripuanã, respectively. Eight adjacent subplots with six neighbor trees were installed within each cultivated area, distant 25 m from the edge avoiding any edge effects. Diameter at breast height (DBH-1.30 m above-ground) was measured with a diametric tape and the height of the trees (H) using a 50-meter track (Table A1 ). The sampled diameters had values between 5.8 and 19 cm, with frequency histogram of tree DBHs following a normal distribution (Shapiro-Wilk normality test, p = 0.586 for data sets together; p = 0.741 for C 10; p = 0.735 for C 12 and p = 0.652 for C 17 Figure A1 ).In the three areas, stems of 108 trees were cut at 50 cm above the ground [7] (Figure A3 ), and the crowns of 36 trees were pruned with the removal of 100% of the leaves and branches ( Figure A4 ), totaling 48 trees per area. Fresh trunk and crown masses (here considered as all the leaves and branches that emerge from the main stem, objectified by the harvest) were measured using a digital suspension balance with a capacity of up to 500 kg and 2 kg of accuracy ( Figure A5 ).
The mass of the stem and the crown of the trees was measured with a digital suspension scale, previously installed near the collection site. To facilitate mass measurements, the stems of each tree were sectioned using a chainsaw ( Figure A6 ). The sawdust mass and the masses of other remnants were also measured ( Figure A6 ). To determination of the mean water content, discs (3 to 6 cm thick) were collected at points 0, 50, and 100% of the total height of the commercial stem ( Figure A6 ) and 4 kg of leaves and branches at the four cardinal points of the middle third of the crown, considering the methodological results of Silva, 2007 [19] . The collected samples were weighed in the field with In Novo Aripuanã, the original forest was cut and burned, then natural regeneration lines were cut in which rosewood seedlings were planted in 5.0 × 10 m spacing. The seedlings had been raised from seeds collected from natural populations of the middle Madeira River. After one year in a nursery, the seedlings were taken to the field and planted in the lines traversing the naturally regenerating vegetation. Annual cleaning (removal of vegetation that compete for resources in the planting line) of each planting line was carried out until the 8th year and then again after the 15th year.
The mass of the stem and the crown of the trees was measured with a digital suspension scale, previously installed near the collection site. To facilitate mass measurements, the stems of each tree were sectioned using a chainsaw ( Figure A6 ). The sawdust mass and the masses of other remnants were also measured ( Figure A6 ). To determination of the mean water content, discs (3 to 6 cm thick) were collected at points 0, 50, and 100% of the total height of the commercial stem ( Figure A6 ) and 4 kg of leaves and branches at the four cardinal points of the middle third of the crown, considering the methodological results of Silva, 2007 [19] . The collected samples were weighed in the field with their natural moisture content and then transported to the laboratory where the leaves were oven-dried at 65 • C until they reached constant mass. For wood samples (branches and discs) the temperature used was 103 • C. Using the mean of water content of the stem and crown, transformation factors of the fresh biomass to dry matter were calculated for each portion, generating a set of data applicable to the allometric model, which uses dry mass estimation.
When the trees had a bifurcation or more than two bole divisions, the diameters of each bole were measured and the average values of transversal area of each bole were calculated. Felled trees (108) were cubed according to the method proposed by [28] that combines the cubing method formulated by Hohenadl, where there is the relative division of the section length, with the Smallian cubing method, which considers the mean basal area and the log length, in which the diameter of the base and top diameters of each section ( Figure A2 ) are measured. The diameter at breast height (DBH), stump diameter (Dstump), and commercial height (Hc) were measured in individuals that had already been felled.
Statistical Models and Analyses
Development of Allometric Equations of Volume and Biomass
Based on the previous studies using allometric models in Amazonian forests [9, 17, 19] , those that estimate the volume and fresh and dry masses of the tree and the crown of the trees were selected. Fresh mass estimation is important because fresh mass is what is used for rosewood oil distillation, a method that reduces losses of the volatile constituents of the essential oil. The selected models are based on DBH, DBH and height, and as a function of the DBH 2 ratio and height (represents basal area).
where Ec (Estimated sector) is the volume or mass of a defined compartment (total volume, fresh mass and total above soil dry mass, and the fresh and dry masses of the tree canopies), and parameters a-c are coefficients for each model. Model 1 proposed by Kopesky and Gehrardt; Model 2 proposed by Hohenaldl and Kreen; Model 3 proposed by Shumacher and Hall; Model 4 proposed by Hush and; Model 5 proposed by Spur [29] . The ordinary least squares method was applied for Models 1 and 2 and non-linear least squares method for Models 3-5. In order to determine the best fit model, graphical analysis of percent residual distribution and relative standard error (RSE%) of observed values on the graphs was estimated for the models, and the degree of adjustment between the observed and estimated values expressed by the AIC index and the adjusted coefficient of determination (R 2 adjusted). Additionally, a t-test (partial test) was applied for each parameter. For the nonlinear equations, the model was linearized only to obtain the initial coefficients, which were later used for nonlinear estimation. The RSE%, values for AIC, R 2 adjusted, and significance of the coefficients for the nonlinear models were calculated following the Gauss-Newton algorithm, using the nonlinear function (nls) for R software [29] .
Comparison between the Models Used
Three categories were created to compare the models: (1) Species equation: Models tested with all data combined; (2) Area specific equations: Models tested with Maués and Novo Aripuanã data separately; (3) Age-specific equations: Models tested with data from each planting used separately. For each category, the estimated volume, total dry biomass, and total fresh biomass above the soil and crown were calculated. Covariance analysis (ANCOVA) was used to evaluate interactions of the predictive variables (DBH and height) with dry and fresh mass and volume, in relation to the categorical variables "age" and "area". When the ANCOVA showed a significant difference for the intercepts or coefficients related to the regression describing the allometry, we applied an analysis of variance (ANOVA) of the residuals of the estimates between the general (for the species) and specific equations (ages, areas). ANCOVA was based on linear or linearized models.
Since there were no specific equations for determining the volume of rosewood in commercial plantations, the general volume calculation equation commonly used in Amazonas state [30] was used for comparisson with the equation suggested in this study. This equation is described by the product between the basal area of the trees and height, multiplied by the form factor (FF) 0.7. The equation suggested by law for calculating the mass of rosewood trees under natural conditions of occurrence (spontaneous environments) was also employed. This equation was developed to be generalist, from the sampling of different tree species. As the law does not state whether this equation is applicable to fresh or dry biomass estimation, it served as a comparison parameter for the equations generated under the two conditions. For each equation, the accuracy with which it estimated absolute values for total mass (as a function of total mass measured in the field) was quantified. Model adjustments were made with the values of RSE%, AIC, and adjusted R 2 . For the nonlinear models, the generalized R 2 was used. The comparison between equations was made by contrasting the values estimated from a jacknife (leave-one-out) validation with the sequential withdrawal of an observation, using the values observed and estimated by the contrasted equations. Additionally, the residue distribution plot and observed biplot vs. estimated and the generalized determination coefficient was analyzed. All analyses were performed using R software (R Foundation for Statistical Computing, Vienna, Austria) [29] .
Results and Discussion
The classes of equations for the prediction of volume and biomass are shown in several ways. As a very large number of equations was generated the values of the coefficients, significance of the coefficients, residues, R 2 , and AIC of all the models used to estimate of volume, dry mass, and fresh mass of each class are presented in the Tables A2-A4.
Allometric Models for Volume Estimation
For the most part, models tested had a better fit at C 12, followed by C 10 and C 17, respectively. For all categories, model 3 was chosen to estimate the total volume of rosewood trees in commercial plantations, with significant coefficients, higher values of adjusted R 2 and lower AIC and RSE%, values, with emphasis on the separation by areas (area specific equations) and age (age specific equations), which gave the best results (Table A2) . ANCOVA revealed no statistical difference in regression coefficients or intercepts between the three area/agea sets (Tables A5 and A6) , making it possible to use the equation: V = 0.000071579DBH 1.624 × H 1.189 to estimate the volume, independent of the region or age. The species-specific equations for volume estimation are given in Table 1 . For greater accuracy, cubing should be performed on the individuals from the inventory area, and represent their characteristics and intrinsic variations [16, 31] . When preexisting equations are applied, the precision is less uncertain if a subset of trees is sampled for validation of the equation [32] . However, this step is rarely implemented [10] , especially in rosewood plantations of these regions, so that equations that allow a good estimate on different occasions are highly useful tools. This underlies the importance of the results, since they were based on field measurements and did not have significant differences between the variations (age and local), and so can be used in different situations. However, it is possible that new plantations-with significant variation in soil, climate, and silvicultural management-need to develop specific equations.
Allometric Models for Estimating Dry Mass
Combining all data, regardless of age or region (category 1- Table 2 ), Models 3 and 5 obtained the lowest RSE% and AIC values. The ANCOVA showed a significant difference in the C12 regression for the DBH variable coefficient (p = 0.026; Figure 2-left; Tables A7 and A8). However, the analysis of variance using the species and age-specific equations estimateed for the C12 data set showed a significant difference between the generated residues (p = 0.0007708; Figure 2-right; Table A9 ). This indicates that the generalist allometric equation is not the best equation for C12. Instead, the suggested equation for use in C 12 is: AGDM = 0.13794DBH 1.66283 × H 0.74926 (Table A3 ). Separating the data set by sampling site (category 2), Model 5 gave better results for the two regions, although these were very close to Model 3. In the analysis of category 3, separating the data by age, Model 5 was more accurate (lower values of RSE%) in C 10 and C 17 with AIC and adjusted R 2 values very close to Model 3, which proved to be more accurate for the C 12 data set.
Nonlinear Models 3, 4, and 5 gave the best results for crown dry mass estimation. In the joint analysis of the data, Model 3 was the most accurate (RSE% = 40.74, adjusted R 2 = 0.30 and AIC = 965.48). For height variables, ANCOVA revealed no significant differences in the regression coefficient between C17 and C12 (p = 0.0973; Table A10 ) and between C17 and C10 (p = 0.051986; Table A11 ). This was confirmed by analyzing the variance of the generated residues between the species and age specific equations for the data set of C17 (p = 0.08433; Table A12 ), substituting the use of the general equation: CDW = 0.4507DBH 1.1659 × H 0.2965 independent of the location and age of the plantation to estimate crown dry biomass. The results for the models in classes 2 and 3 are given in Table A3 . 
Allometric Models for Fresh Biomass
Although dry biomass estimates are very common in forest management studies, the material harvested from rosewood plantations is kept in the shade at most for 72 h prior to the distillation process. This treatment, designed to prevent the excessive loss of volatile materials from the essential oil, makes the application of fresh biomass estimates more appropriate. Model 3 obtained the best results for estimating fresh above-ground biomass (Table 3) . Table 3 . Coefficients and statistics of five allometric models (Models 1-5) for estimating rosewood above-ground fresh mass (AGFM; kg per tree; n = 108) and crown fresh mass (CFM; kg per tree; n = 144) in commercial plantations in the Central Amazon. Each coefficient (a-c) is shown with standard error in parentheses. The degree of fitness is indicated by percentage of residual standard error (RSE%), adjusted determination of coefficient (R 2 ), and Akaike index (AIC). There was no significant difference between estimates generated by Models 3 and 5 (p = 0.9033), therefore, Model 3 was chosen to estimate fresh biomass of the species in commercial plantations. The ANCOVA comparison showed a significant difference in the DBH-related regression coefficient between C12 and C10 (p = 0.02857; Table A13 ), while C12 and C10 did not differ from C17 (p = 0.9061 and p = 0.58522, respectively; Tables A13 and A14) . Consequently, an analysis of the variance of the residues was performed using the species and age-specific equations for data sets C12 and C10. For C12 the difference was significant (p = 0.001158, Figure 3 ; Table A15 ), while there was no significant difference between the residues generated and C10 (p = 0.2644; Table A16 ). 
Models
Allometric Models for Fresh Biomass
Although dry biomass estimates are very common in forest management studies, the material harvested from rosewood plantations is kept in the shade at most for 72 h prior to the distillation process. This treatment, designed to prevent the excessive loss of volatile materials from the essential oil, makes the application of fresh biomass estimates more appropriate. Model 3 obtained the best results for estimating fresh above-ground biomass (Table 3) . Table 3 . Coefficients and statistics of five allometric models (Models 1-5) for estimating rosewood above-ground fresh mass (AGFM; kg per tree; n = 108) and crown fresh mass (CFM; kg per tree; n = 144) in commercial plantations in the Central Amazon. Each coefficient (a-c) is shown with standard error in parentheses. The degree of fitness is indicated by percentage of residual standard error (RSE%), adjusted determination of coefficient (R 2 ), and Akaike index (AIC). There was no significant difference between estimates generated by Models 3 and 5 (p = 0.9033), therefore, Model 3 was chosen to estimate fresh biomass of the species in commercial plantations. The ANCOVA comparison showed a significant difference in the DBH-related regression coefficient between C12 and C10 (p = 0.02857; Table A13 ), while C12 and C10 did not differ from C17 (p = 0.9061 and p = 0.58522, respectively; Tables A13 and A14) . Consequently, an analysis of the variance of the residues was performed using the species and age-specific equations for data sets C12 and C10. For C12 the difference was significant (p = 0.001158, Figure 3 ; Table A15 ), while there was no significant difference between the residues generated and C10 (p = 0.2644; Table A16 ). Using the data from the Maués region (C 10 and C 12 combined), Model 3 performed best when adjusted with lower AIC and RSE% values and higher R 2 value (0.84) (Table A4 ). Model 5 showed better adjustments for fresh above-ground biomass for C 10 and C 17, while Model 3 gave better results for C 12.
Although the average contribution of fresh stem biomass of all trees weighed directly in this study (59.08%) is similar to the value found by Nogueira [33] in open forest (57.9%), the result reveals that the silvicultural treatments used in C12 changed the allometry of individual trees, requiring the use of a differentiated equation to estimate fresh biomass, so ratifying the results found for dry biomass. The application of species equation to the C12 data set resulted in an 8.38% overestimation, against a 4.86% underestimation generated by the application of age specific equation, which confirms the allometric difference of the C 12 trees being the equation = 0.24537
indicated for the estimation of fresh biomass at this site. For fresh crown biomass, the ANCOVA revealed no differences between C17 and C10 (p = 0.051986; Table A17 . Allometric models for estimating CFM have rarely been developed for Amazonian forests [33] and have never been developed for commercial plantations in central Amazonia. The accuracy founded in the present work represented by R 2 and AIC values, was considered weak when compared to other works [33, 34] . However, in the study by Nogueira et al. [33] , a mass expansion factor was used, not a direct in-field measurement of crown biomass. For Figueiredo et al. [34] while the data contained crown morphometric variables, the estimate was made using LIDAR technology. In the first case, the allometric equations developed to estimate dry crown biomass were from open forest in the southern Amazon, were adjusted to Model 4 (tested in the present study), with R 2 adjusted = 0.901 with a sample of 206 trees of different species [33] . The results indicate that a better application can be found for estimating the CFM of rosewood in commercial plantations. This is usually done with the inclusion of variables of the tree component (crown) inside the models [35] . Using the data from the Maués region (C 10 and C 12 combined), Model 3 performed best when adjusted with lower AIC and RSE% values and higher R 2 value (0.84) (Table A4 ). Model 5 showed better adjustments for fresh above-ground biomass for C 10 and C 17, while Model 3 gave better results for C 12.
Although the average contribution of fresh stem biomass of all trees weighed directly in this study (59.08%) is similar to the value found by Nogueira [33] in open forest (57.9%), the result reveals that the silvicultural treatments used in C12 changed the allometry of individual trees, requiring the use of a differentiated equation to estimate fresh biomass, so ratifying the results found for dry biomass. The application of species equation to the C12 data set resulted in an 8.38% overestimation, against a 4.86% underestimation generated by the application of age specific equation, which confirms the allometric difference of the C 12 trees being the equation AGFM = 0.24537DBH 1.64861 × H 0.073956 indicated for the estimation of fresh biomass at this site.
For fresh crown biomass, the ANCOVA revealed no differences between C17 and C10 (p = 0.051986; Table A17) Table A19 ) among the generated residues, indicating that the general equation can be used regardless of age and area for the estimation of fresh crown biomass. The equation indicated in this study to estimate fresh crown biomass (CFM) in commercial plantations is CFM = 0.94096DBH 1.28087 × H 0.07649 .
Allometric models for estimating CFM have rarely been developed for Amazonian forests [33] and have never been developed for commercial plantations in central Amazonia. The accuracy founded in the present work represented by R 2 and AIC values, was considered weak when compared to other works [33, 34] . However, in the study by Nogueira et al. [33] , a mass expansion factor was used, not a direct in-field measurement of crown biomass. For Figueiredo et al. [34] while the data contained crown morphometric variables, the estimate was made using LIDAR technology. In the first case, the allometric equations developed to estimate dry crown biomass were from open forest in the southern Amazon, were adjusted to Model 4 (tested in the present study), with R 2 adjusted = 0.901 with a sample of 206 trees of different species [33] . The results indicate that a better application can be found for estimating the CFM of rosewood in commercial plantations. This is usually done with the inclusion of variables of the tree component (crown) inside the models [35] . On average, rosewood tree fresh crown biomass contributed 40.92% of the total fresh above the ground biomass. This value becomes 30.19% when the comparison is based on dry biomass, due to the higher moisture content of the crown tissues, such as leaves and thin branches. There are, however, differences between the study sites in the contribution of the crown to total biomass; with the crowns of Novo Aripuanã trees making, on average, a greater contribution than those from Maués. The results from Maués agree with those from trees weighed directly in the natural forest studied by Nogueira et al. [33] (39.4%), but they contradict his observation that crowns studied by him in open forests were smaller than those in dense forest. However, this was recorded at Novo Aripuanã, where trees shaded by natural vegetation had larger crowns than those at Maués, which grew in full sun.
The silvicultural method of enriching natural regeneration resulted in a greater proportion of tree biomass being stored in the crowns (proportion of the total weight and weight of the crown). The difference in the crown allometry between sites is probably because of different crown-understory light gradients, which result in differentiation of resource allocation between vertical and horizontal growth between southern and central Amazonia regions [36] . That plantation trees have smaller crowns occurs because, in environments where different species compete, trees can occupy more crown space without mechanical abrasion or penetration by neighboring canopies, and so generate larger canopies than trees in more homogeneous environments [37] . Competition for position in the vegetation column stimulates branch formation and height gain [38] . Depending on the genotype, environment, and age of the plant, this can also impact apical dominance and lateral organ growth, while the leaf area of the plant is strongly related to light attenuation [38, 39] .
Peer et al. [35] , studying competition effects on the architecture of commercial tree species, noted that some species increase the H/D ratio, decreasing crown branching to reach the upper crown, while others (like Rosewood) are more shade tolerant, and show increased branching to capture light, optimizing photosynthesis. In the case of competitive monocultures, the extent of crown branching is smaller, and the plasticity of the architecture is influenced by the strategy avoiding or tolerating overlap-induced shapding [40] . Thus, crown height and size in C17 is likely to be influenced by competition for light.
In general, rosewood has an architectural model consisting of a monopodial orthotropic main axis, ( Figure A7 ), with variation due to bifurcations. Its architecture in natural forest is described as tall with a small or narrow crown [41] [42] [43] . However, in the homogeneous plantations of Maués, as well as in the enrichment lines at Novo Aripuanã, tree architectures were variable enough that such a classification was not possible. This was probably due to competition between trees in plantations On average, rosewood tree fresh crown biomass contributed 40.92% of the total fresh above the ground biomass. This value becomes 30.19% when the comparison is based on dry biomass, due to the higher moisture content of the crown tissues, such as leaves and thin branches. There are, however, differences between the study sites in the contribution of the crown to total biomass; with the crowns of Novo Aripuanã trees making, on average, a greater contribution than those from Maués. The results from Maués agree with those from trees weighed directly in the natural forest studied by Nogueira et al. [33] (39.4%), but they contradict his observation that crowns studied by him in open forests were smaller than those in dense forest. However, this was recorded at Novo Aripuanã, where trees shaded by natural vegetation had larger crowns than those at Maués, which grew in full sun.
Peer et al. [35] , studying competition effects on the architecture of commercial tree species, noted that some species increase the H/D ratio, decreasing crown branching to reach the upper crown, while others (like rosewood) are more shade tolerant, and show increased branching to capture light, optimizing photosynthesis. In the case of competitive monocultures, the extent of crown branching is smaller, and the plasticity of the architecture is influenced by the strategy avoiding or tolerating overlap-induced shapding [40] . Thus, crown height and size in C17 is likely to be influenced by competition for light.
In general, rosewood has an architectural model consisting of a monopodial orthotropic main axis, ( Figure A7 ), with variation due to bifurcations. Its architecture in natural forest is described as tall with a small or narrow crown [41] [42] [43] . However, in the homogeneous plantations of Maués, as well as in the enrichment lines at Novo Aripuanã, tree architectures were variable enough that such a classification was not possible. This was probably due to competition between trees in plantations influencing the indivudual architecture before and during crown closure [35] . In 37-year-old plantations at the Adolpho Ducke Forest Reserve, Manaus, Brazil, the biomass distribution of a rosewood tree was described as consisting of 86.2% trunk, 6.17% branches, and 7.63% leaves [44, 45] . However, at the time, the trees occupied the upper crown position in relation to the adjacent forest, and so had lower crown plasticity [37] . In contrast, current legislative definitions attribute a 34.4% contribution of crown to the total mass of the tree under natural conditions, which, instead, is close to the value found in the present study for relatively young commercial plantations.
In general, the models gave the most accurate results with C 12 (Tables A2-A4) , especially in terms of the lower amplitude of residues for evaluated parameters. In plots, the trees had initially been planted more densely, so that the morphology or ecophysiological characteristics observed may be related to competition, rather than to plant size or biomass [38] . Life history strategies [10] , climate [20] , and site characteristics [46] contribute significantly to variation in above-ground biomass, making it necessary to understand dynamics of growth of this species under various cultivation patterns so that production can be managed appropriately. This is a relevant topic for later studies.
DeMalach et al. [47] describe the Tilman-Grime debate in which the effects of competition can be separated into two groups: (1) where competitive capability causes competitors to overcome suppression by neighbors and grow faster [48] ; and (2) when individuals survive longer with low levels of resources [49] . As a result of competition for spaces, water, light, and nutrients a higher or lower density of plants can generate dierent productive behavior responses [39] . An increase in vegetative production may give a competitive advantage [48] . The continuous spacing of C 10 resulted in a higher stock biomass, probably due to the reduction in self-shading and the consequent delay of competition for soil resources, leading to a high efficiency in the capture and use of resources [39] . Plants without close neighbors are usually larger and have different morphology/architecture than those with many neighbors [37] explaining the allometry seen in C12, where the smaller spacing in the early planting years may have resulted in a greater similarity in tree allometry, without suppression of one individual over the other due to competition, a common mechanism in homogeneous environments.
The height parameter (H) is not always incluced in allometric models as it can be difficult to measure in the field [50] . This could, potentially, cast doubt on the validityof the models developed here. However, in forest plantations this measurement can be made more accurately than in the wild. In addition, if the total height of the tree is available, the allometric model is far less biased [51] and more accurate estimates result [52] . Therefore, the relatively high RSE% values of Models 1, 2, and 4 were attributed to the inclusion of the H parameter in Models 3 and 5. Adjusted R 2 and AIC are adjustment measures that penalize the addition of parameters to models [11] . However, the inclusion of the height parameter appears to have improved the model, as indicated by the non-significant hypsometric relation in the data set (p = 0.797), which reveals the low correlation between diameter and height of rosewood trees in commercial plantations (R 2 = 0), making the inclusion of the H parameter in the models significant.
Model 4, although exponential, does not include the parameter H. Instead, it was an intermediate model between those using single and double linear DBH input (Models 1 and 2) and exponential models that included parameter H (Models 3 and 5). Accuracy of the models followed this order: Model 2 < Model 1 < Model 4 < Model 5 < Model 3. This order was maintained for regional variations of our sampling, which has been widely reported in the literature [16, 33, [51] [52] [53] . The models tested in the two regions of Central Amazonia did not differ, even the areas that had distinct edaphoclimatic conditions, which could be explained by the remarkable plasticity in response to the environmental conditions that trees possess [35] . Table 4 summarizes the equations from the allometric models tested and chosen to estimate the volume and the dry and fresh biomass of the entire tree and crown, in addition to the general equations of volume estimation and the equation suggested by law for estimating tree biomass of rosewood in natural forests. Table 4 . Allometric models developed for rosewood commercial plantations at different tree sample-plots for estimating volume tree (V-m 3 per tree), above-ground dry mass (AGDM; kg per tree), above-ground fresh mass (AGFM; kg per tree), crown dry mass (CDM; kg per tree), and crown fresh mass (CFM; kg per tree) with stem diameter at breast height DBH (cm) and height (m) in contrast with allometric models used in Amazon for estimating volume and equations by normative instruction (NI) for estimating rosewood biomass. The allometric equations were developed on the basis of two regions from Central Amazonia with 108 trees for volume and total weight and 144 trees for crown mass.
Comparison of the Developed Equations with Preexisting Equations
Models Equations Source
Volume Model 3 V = 0.000071579DBH Once the best models were chosen, the equations generated to calculate the values of the estimated variables of interest were used. Equations developed in this study for volume estimation were compared to the general volume estimation used in the Brazilian Amazon ( Figure 5-Left) . The sum of the estimates calculated by the Jacknife method gave an overestimation of 0.15% due to the compensation for the over-and under-estimation, while the general equation for volume calculation overestimated the observed values by 32.79%, what is seen in the residues distribution ( Figure 5 -Right). The average tapering (form factor) adopted for the general equation is derived from measurements of trees with bark and circumference ≥100 cm, including all species, regardless of forest type, diameter class, or stem length [33, 54] . Table 4 . Allometric models developed for rosewood commercial plantations at different tree sampleplots for estimating volume tree (V-m 3 per tree), above-ground dry mass (AGDM; kg per tree), above-ground fresh mass (AGFM; kg per tree), crown dry mass (CDM; kg per tree), and crown fresh mass (CFM; kg per tree) with stem diameter at breast height DBH (cm) and height (m) in contrast with allometric models used in Amazon for estimating volume and equations by normative instruction (NI) for estimating rosewood biomass. The allometric equations were developed on the basis of two regions from Central Amazonia with 108 trees for volume and total weight and 144 trees for crown mass. Once the best models were chosen, the equations generated to calculate the values of the estimated variables of interest were used. Equations developed in this study for volume estimation were compared to the general volume estimation used in the Brazilian Amazon ( Figure 5-Left) . The sum of the estimates calculated by the Jacknife method gave an overestimation of 0.15% due to the compensation for the over-and under-estimation, while the general equation for volume calculation overestimated the observed values by 32.79%, what is seen in the residues distribution ( Figure 5 Right). The average tapering (form factor) adopted for the general equation is derived from measurements of trees with bark and circumference ≥100 cm, including all species, regardless of forest type, diameter class, or stem length [33, 54] . Nogueira et al. [33] attributes the major sources of uncertainty in the calculation of wood volume in the Amazon to the use of a single form factor for trees of all sizes and in all types of forests. However, when studying the general model of volume estimation, the same author reported that form factor value is 0.709 for dense forests of central Amazonia and 0.76 for open forests, and concluded that no adjustments are necessary in the form factor used in the general model (0.7). However, for the volume of rosewood cultivated in commercial plantation, we found the general model overestimated in comparison to observed values, and the average FF value for the current study was 0.54. This can be explained by the size and shape of the crown characteristic of the species and the relation of the trees to the water and fertility conditions of the environments [11] . In addition, regular spacing of trees within plantations both favors growth and is a cause tree shapes that differ from those in the wild [33, [37] [38] [39] 47, 48] For AGFM, the equation legally suggested by the normative instruction, gave an estimate that was only 23.5% of the total AGFM, an underestimation of 76.5%, tending to higher under-estimates for larger trees (Figure 6 -Left). The application of equation generated in this study did not result in bias or systematic errors, while the equation suggested by law systematically underestimates all trees (Figure 6 -Right). Although this occurs, the sum of the estimates calculated by the jacknife method for Model 3 was similar to those obtained in the field (10,370.3 kg and 10,339.94 kg respectively), with an underestimation of 0.33% due to the over-and underestimation compensations for all sizes of trees. Nogueira et al. [33] attributes the major sources of uncertainty in the calculation of wood volume in the Amazon to the use of a single form factor for trees of all sizes and in all types of forests. However, when studying the general model of volume estimation, the same author reported that form factor value is 0.709 for dense forests of central Amazonia and 0.76 for open forests, and concluded that no adjustments are necessary in the form factor used in the general model (0.7). However, for the volume of rosewood cultivated in commercial plantation, we found the general model overestimated in comparison to observed values, and the average FF value for the current study was 0.54. This can be explained by the size and shape of the crown characteristic of the species and the relation of the trees to the water and fertility conditions of the environments [11] . In addition, regular spacing of trees within plantations both favors growth and is a cause tree shapes that differ from those in the wild [33, [37] [38] [39] 47, 48] For AGFM, the equation legally suggested by the normative instruction, gave an estimate that was only 23.5% of the total AGFM, an underestimation of 76.5%, tending to higher under-estimates for larger trees (Figure 6 -Left). The application of equation generated in this study did not result in bias or systematic errors, while the equation suggested by law systematically underestimates all trees (Figure 6 -Right). Although this occurs, the sum of the estimates calculated by the jacknife method for Model 3 was similar to those obtained in the field (10,370.3 kg and 10,339.94 kg respectively), with an underestimation of 0.33% due to the over-and underestimation compensations for all sizes of trees. (Figure 7 -Right). The distribution of the residuals of the equation generated in this study for CFM show sub-and over-estimates of all sizes of trees, which resulted in an underestimation of 0.24% in relation to the observed total. It is important to note that the crown's contribution to the total mass of the tree was obtained from the law, but the fact that there is no equation constructed specifically for estimating CFM makes this result even more important due to its application and novelty.
Models
Today, the activity is controlled by the volume of essential oil exported, controlled by the Ministry of Development, Industry and Foreign Trade. With the volume of exported oil related to biomass underestimated by the equation now suggested by law, the yield (quantity of essential oil in relation to mass) is erroneously high, since the amount of essential oil is obtained from a mass that is highly underestimated. This situation allows plantings to have few trees felled in the plantation, while most of the mass needed to obtain that volume of oil quantified on export could come from natural populations, which is illegal. In other words, productive plantations might reduce their real exploitation, while oil production remains high, supplemented by raw material from natural populations. (Figure 7-Right) . The distribution of the residuals of the equation generated in this study for CFM show sub-and over-estimates of all sizes of trees, which resulted in an underestimation of 0.24% in relation to the observed total. It is important to note that the crown's contribution to the total mass of the tree was obtained from the law, but the fact that there is no equation constructed specifically for estimating CFM makes this result even more important due to its application and novelty.
Today, the activity is controlled by the volume of essential oil exported, controlled by the Ministry of Development, Industry and Foreign Trade. With the volume of exported oil related to biomass underestimated by the equation now suggested by law, the yield (quantity of essential oil in relation to mass) is erroneously high, since the amount of essential oil is obtained from a mass that is highly underestimated. This situation allows plantings to have few trees felled in the plantation, while most of the mass needed to obtain that volume of oil quantified on export could come from natural populations, which is illegal. In other words, productive plantations might reduce their real exploitation, while oil production remains high, supplemented by raw material from natural populations. In addition, it is important to point out that the allometric equations developed contribute to carbon stock assessment [55] , introducing rosewood cultivation among land-use change options that generate revenues from the conservation of forest carbon stocks [56] . Plantation forestry is among the options for mitigation of deforestation and carbon emissions proposed for the Amazon [46, [57] [58] [59] . The carbon outflows are associated with deforestation by agriculture, timber commercial exploitation, and soil oxidation, while the entrance is related to reforestation and recovery of forest vegetation [20] .
Conclusions
We conclude that there is encouraging evidence that general predictive equations can be developed across sites in Central Amazonia. The allometric equations developed for estimates of mass and volume can be a good alternative for forest management in productive rosewood plantations under different conditions and management options and should be suggested by the legal provisions regulating rosewood-related activity in Central Amazonia. The compensation between sub-and over-estimation of all sizes of trees indicated that these equations are appropriate to use in forestry operations with some trees and not with individual trees. Equations suggested by law underestimate the mass when applied in rosewood plantations. The incorrect estimation of the real value of the mass and, consequently, of the carbon stored by rosewood plantations, represents a serious impediment in the subsidy of this forest activity in the Amazon, and there is a need to amend the current legislation regarding productive environments. Although the plantations are heterogeneous in terms of the origin of their stock, considerations of the auto ecology of the species indicate that competition for light is a preponderant factor in the architectural development of the crowns and their relative contribution to the total mass of the rosewood trees. In addition, due to the variability of the equations found, climate, soil and silvicultural management can cause specific morphological responses. For this reason, we consider it important that ecological studies of intraspecific competition in different commercial plantations of rosewood should be conducted in order to generate a better understanding of the effect of these variables on tree development. In addition, it is important to point out that the allometric equations developed contribute to carbon stock assessment [55] , introducing rosewood cultivation among land-use change options that generate revenues from the conservation of forest carbon stocks [56] . Plantation forestry is among the options for mitigation of deforestation and carbon emissions proposed for the Amazon [46, [57] [58] [59] . The carbon outflows are associated with deforestation by agriculture, timber commercial exploitation, and soil oxidation, while the entrance is related to reforestation and recovery of forest vegetation [20] .
We conclude that there is encouraging evidence that general predictive equations can be developed across sites in Central Amazonia. The allometric equations developed for estimates of mass and volume can be a good alternative for forest management in productive rosewood plantations under different conditions and management options and should be suggested by the legal provisions regulating rosewood-related activity in Central Amazonia. The compensation between sub-and over-estimation of all sizes of trees indicated that these equations are appropriate to use in forestry operations with some trees and not with individual trees. Equations suggested by law underestimate the mass when applied in rosewood plantations. The incorrect estimation of the real value of the mass and, consequently, of the carbon stored by rosewood plantations, represents a serious impediment in the subsidy of this forest activity in the Amazon, and there is a need to amend the current legislation regarding productive environments. Although the plantations are heterogeneous in terms of the origin of their stock, considerations of the auto ecology of the species indicate that competition for light is a preponderant factor in the architectural development of the crowns and their relative contribution to the total mass of the rosewood trees. In addition, due to the variability of the equations found, climate, soil and silvicultural management can cause specific morphological responses. For this reason, we consider it important that ecological studies of intra-specific competition in different commercial plantations of rosewood should be conducted in order to generate a better understanding of the effect of these variables on tree development. * Form factor for each tree was calculated using the ratio of the calculated volume to a volume that assumed the canopy was a perfect cylinder. The first volumn mean intercept related to DBH, Below: height-related intercept, Below: age-related intercept C 12, Below: age-related intercept C 17 when comared with C 10, Below: DBH-related coefficient between C 10 and C 12, Below: DBH-related coefficient between C 10 and C 17, Below: height-related coefficient between C 10 and C 12, Below: height-related coefficient between C 10 and C 17, respectively. Signif. codes: "***": 0-0.001. Signif. codes: "***": 0-0.001; "**": 0.001-0.01; "*": 0.01-0.05; ".": 0.05-0.1. Table A9 . R output of ANOVA among the residues generated from the estimation of AGDM using species equation and age specific equation with C 12. Table A12 . R output of ANOVA among the residues generated from the estimation of CDM using species equation and age specific equation for C17. Signif. codes: "***": 0-0.001; "*": 0.01-0.05; ".": 0.05-0.1. Table A15 . R output of Anova among the residues generated from the estimation of AGFM using species equation and age specific equation for C 12. Signif. codes: "**": 0.001-0.01. Table A16 . R output of ANOVA among the residues generated from the estimation of AGFM using species equation and age specific equation for C 10. Signif. codes: "***": 0-0.001; ".": 0.05-0.1. Table A19 . R output of ANOVA among the residues generated from the estimation of CFM using species equation and age specific equation for C 12. Appendix B Table A19 . R output of ANOVA among the residues generated from the estimation of CFM using species equation and age specific equation for C12. Appendix B Figure A3 . Image of tree cut at 50 cm from the ground as required by law. Figure A3 . Image of tree cut at 50 cm from the ground as required by law. Figure A6 . Collecting the wood discs at 0, 50, and 100% of the height of the trunk for calculate dry mass; and collecting the sawdust to calculate the mass of the tree. Figure A6 . Collecting the wood discs at 0%, 50%, and 100% of the height of the trunk for calculate dry mass; and collecting the sawdust to calculate the mass of the tree.
Appendix A
Analysis of Variance
